High precision 3D LiDARs are still expensive and hard to acquire. This paper presents the characteristics of RS-LiDAR, a model of low-cost LiDAR with sufficient supplies, in comparison with VLP-16. The paper also provides a set of evaluations to analyze the characterizations and performances of LiDARs sensors. This work analyzes multiple properties, such as drift effects, distance effects, color effects and sensor orientation effects, in the context of 3D perception. By comparing with Velodyne LiDAR, we found RS-LiDAR as a cheaper and acquirable substitute of VLP-16 with similar efficiency.
I. INTRODUCTION

A. Motivation
Along with the rapid development of autonomous driving, multi-beam LiDAR has become one of the most important sensors on autonomous cars. Although many sensors and methods are used for detection and recognition [4] [5] [9] , the LiDAR can not be omitted in most situations of autonomous driving. Light Detection and Ranging, known as LiDAR, is a system using lasers to mainly detect the geometrical properties such as location, shape, and velocity. It beams lasers to the target objects and receives the signals reflected by those objects. By comparing the phase difference between the received signals with the sent ones, it reveals information about the target objects, for example, the distance, reflectivity, etc. By adopting further algorithms, the position, altitude, velocity, pose, and shapecould also be obtained [7] , [8] . Besides navigation information [1] and some object feature [2] can also be obtationed.Generally, LiDAR is capable of detecting targets with a precision of several centimeters.
LiDAR on vehicles is the critical sensor that serves for mapping and localization, for which multiple products have been developed. Velodyne LiDAR is widely considered to be the most popular LiDAR company who has released several LiDAR products such as HDL-64E, HDL-32E and VLP-16 for mapping and 3D perception purposes. VLP-16 has generated significant interest in the surveying and mapping industry because of its compact size, low power requirements, and high performance. However, Velodyne LiDAR are comparably expensive and buyers should wait for at least 6 months to get the sensor. At present, plenty of low-cost LiDAR products have come out and two of the most famous ones are RS-LiDAR from Robosense and PANDAR 40 from HESAI. For RS-LiDAR is also very popular in autonomous driving companies like TuSimple 1 , and RoadStar 2 , we evaluate its characteristics and justify wether it is feasible as replacement of the VLP-16. As the same as VLP-16, RS-LiDAR is a 16channel real-time 3D LiDAR with a similar dimensions and weights. The RS-LiDAR is shown in Fig.1 is designed to be used on autonomous cars, robots, and UAVs. Usually, these applications require high accuracy and proper size and weight. With knowledge of the parameters in the official handbook, we consider it is still necessary to have a systematic evaluation of its accuracy, repeatability, and stability.
B. Related Work
For laser scanner evaluation, many papers had been published with different experiments for different sensors. Kneip proposed a characterization and extended some specialized tests with a subsequent calibration model of a 2D LiDAR, URG-04LX [7] . Glennie put forward a calibration and stability analysis of the VLP-16 laser scanner [8] . Ye and Borenstein presented a characterization study of the Sick LMS 200 laser scanner [10] . Stone reviewed the basic physics and implementation of various LADAR technologies, describing the problems associated with available 'off-theshelf' LADAR systems and summarizing worldwide stateof-the-art research. He also elaborated on general trends in advanced LADAR sensor research and their likely impact on manufacturing, autonomous vehicle mobility and on construction automation [11] . Kawata introduced a method to develop an ultra-small lightweight optical range sensor system [12] and Ueda proposed an accurate range data mapping system with sensor motion [13] . According to their tests and analyses, we detected the commonly concerned issues with RS-LiDAR and VLP-16.
C. Contributions
Our investigation in this paper is targeted to evaluate the RS-LiDAR's essential characteristics and make compar-isons with VLP-16. The paper investigates the drift effects, influences of sensors orientation, target surface color and distance of RS-LiDAR. There were also tests on common scenes or objects and tests on the road with RS-LiDAR and VLP-16. These experiments and tests methods can be easily generalized to evaluate a LiDAR's performances with comparisons with others, up to the interest of readers.
D. Organization
The remainder of the paper is organized as: Section II is an introduction to RS-LiDAR and features comparison with VLP-16. Section III presents the details of the experiments, their results and analysis. Section IV investigates the conclusion.
II. THE LABELED CHARACTERISTICS
The RS-LiDAR is a 16-channel solid-state hybrid LiDAR developed by Suteng Innovation Technology Co., Ltd. Its features are shown in TABLE I, in comparison with VLP-16. Most of the labeled features of these two LiDARs are identical or very close. RS-LiDAR owns better features in the accuracy, measurement range, data points generated and price, while VLP-16 has the features in power consumption, weight, and dimensions with marginal advantages.
III. EVALUATION OF THE RS-LIDAR
This section presents the experiments to test characteristics of RS-LiDAR and VLP-16, as well as the results of the experiments. The section analyzes the performance of two LiDARs in the aspects of drift effects caused by the temperature, sensor orientation influence, differents of the 16 laser beams, surface color influence and different representations with different target distances.
A. Drift Effects
It is expected to have embedded correlation with temperature to revise the drift effect errors of a laser scanner. So in general, a majority of LiDAR instruments contain To get the drift effect and analyze the stability of RS-LiDAR, measurements of a plane surface with a long time has been performed. We settled RS-LiDAR at 1.45 meters far away from a white wall and kept the y-axis of LiDAR right vertical to the plane of the wall 3 . We are not able to get the temperature values of the LiDAR core, but the temperature will go up with the device keeps working. So we measured the distances of the wall with RS-LiDAR for several times and it is lasted for about 60 minutes for each measurement. At each time, we started the test when the LiDAR had been cooled down to the ambient temperature of 27 • C. The computer recorded a datum every 10 frames with sensor working at about 0.2 • horizontal angular resolution. Fig.2 presents the data points collected by a LiDAR and the color of each point represents for its reflection intensity. In order to get the distance values from the collected data points, we segmented the target area and computed the mean value of these points' y-axis values.
The distances to the target during the drift effects tests are presented in Fig.3 . It is apparent that there was a drop with more than 5 mm of the measured distance over the first 15 minutes. While after that, it began to rise until the 41 minutes. This drift effect is probably due to the mirror deformation caused by the continuous increase of the operating temperature of the sensor. While unfortunately, the inside temperature module didn't open the data to users and we can only get the calibrated data from its official software. There appears not to be a significant correlation with range noise (i.e. standard deviation) because the noise level of the laser remained stable during the entire time of the tests.
B. Orientation Influence
To determine whether the rotation is a significant influence on measurements, we settle the sensor to measure a white Fig.4 . Fig.4 presents that the influence of roll angles is negligible since the waves almost the same when sensors were in different roll angles. The mean distance values of 0 • for RS-LiDAR is 1576.4 mm, with 1584.5 mm at 25 • and 1577.5 mm at −25 • . The values for VLP-16 of 0 • is 1587.2 mm, with 1585.8 mm at 25 • and 1586.9 mm at −25 • . So the roll errors are less than 0.6% within the roll angles from −25 • to 25 • . At the same time, in each line, the left parts and the right parts are almost symmetrical to each other, which also means that the two LiDARs show high accuracy in detecting the distances. When comparing the two LiDARs, the VLP-16 shows more independence on roll angles, while RS-LiDAR has less variance on the distances. It depicts that the average distance errors are similar, but the distribution of the VLP-16 is much consistent.
C. Performance of 16 Laser Beams
With the intention of figuring out whether there is a difference among the 16 laser beams of RS-LiDAR and VLP-16, we kept the sensors at 2.0 m far away from the We also did experiments on comparing the maximum detection distances of two LiDARs. The outcomes are in Table II . It is apparent that the RS-LiDAR can detect much far than VLP-16. The max distances for the upper and lower laser beams may be a little bit smaller than the middle ones because of their angles, but the 16 beams still have similar detection ranges.
D. Effect of the Surface Color
The colors and materials' reflectivity of the targets usually have effects on the reflection of lasers. RS-LiDAR and VLP-16 measure the reflectivity of an object with a 256bit resolution which is independent of laser power. In order to get the LiDARs' performances when detecting different colors of the plane surface target, the three primary colors which are red, green, blue and three secondary colors which are cyan, yellow, purple were tested. Besides, two different gray levels of colors, white and black, were also tested. Those eight colors targets are all the same materials of papers and were all posted on right the same place during each test. Fig.6 shows the experiment environment. The reflection intensity distributions are shown in Fig.7 and the distance distributions in Fig.8 . According to Fig.7 , for both of the LiDARs, the intensity of black surface is lower if compared with the white one. The other six colors show the similar graphs in intensity distributions. As a result, there is little differences in the reflection intensity of the targets with a majority of the common colors while the dark objects would be a great influence on the reflection intensity. RS-LiDAR got more precious reflection intensities from the black surface than VLP-16. This illustrates that RS-LiDAR is more sensitive, which is also revealed by the process of map construction in Fig.11 and 12. RS-LiDAR has a broader range of intensity which helps to show more details of the targets.
On the basis of Fig.8 , it illustrates that the differences of measured distances to the targets with different colors are not very obvious but VLP-16 has less variance in the distance distributions. The mean distances measured by RS-LiDAR are 2437.9 mm, 2459.4 mm, 2460.7 mm, 2459.4 mm, 2458.0 mm, 2457.1 mm, 2458.9 mm and 2458.2 mm for the color black, white, red, green, blue, cyan, yellow and purple respectively, with the maximum error 22.8 mm (0.9%). The data for VLP-16 are 2436.1 mm, 2436.8 mm, 2436.1 mm, 2434.9 mm, 2435.2 mm, 2435.7 mm, 2435.5 mm and 2436.5 mm, with the maximum error 0.1 mm (0.003%). The distances diversity with colors of two LiDARs are all acceptable, but the distance measured by RS-LiDAR for a black target is less than the others. In conclusion, if extremely precision on black targets is not needed, for example, on autonomous cars, colors of the targets won't make much impact on the measured distances and RS-LiDAR can be used as well as VLP-16.
E. Dependences on Target Distance
Aiming to get an idea of the dependencies on the target distance, a measurement to the same surface with different distances has been performed. Five distances between the target wall and the LiDAR, which is in every 1 m from 3 m to 7 m, were measured. The measured distances are shown in Fig.9 , taking the real distance from a laser range finder as a reference. By adding a fitting on the data for each LiDAR, it demonstrates that the fitted lines for two LiDARs from 3 m to 7 m are linear ones which mean the distances these two LiDARs measured are in great precision. When applying the fitting, we also computed the SSE and RMSE with the equations (1) and (2) .
The SSE and RMSE for RS-LiDAR and VLP-16 showing in Fig.9 are all in tiny orders of magnitude. The SSE value of RS-LiDAR is 2.734e-4 meter and that of VLP-16 is 9.155e-05 meter. The RMSE value of RS-LiDAR and VLP-16 are 9.546e-3 meter and 5.524e-3 meter. This is another proof of the great precision of two LiDARs.
F. Common Scenes and Objects Detection
In Fig.10 , the nine pictures show the data points from RS-LiDAR and VLP-16 when detecting a series of objects which are common in life. The data points from two LiDARs seems really similar in these pictures. With these pictures, readers can also have a comparison between these two LiDARs and consider whether 16 beams LiDAR is suitable for the work to be done.
IV. CONCLUSION
This paper presented the characterization of the RS-LiDAR, in comparison with VLP-16. We analyzed several performances such as temperature drift, orientation influence, differences in 16 laser beams, surface color influence and We also tested the application in 3D perception. A golfcar mounted with both sensors travels along a loop of our campus. 3D mapping was run based on our recent modular implementation 4 . The identical algorithms with the same parameters were adopted across the experiments. The mapping results were shown in Fig.11 and Fig.12 , built by RS-LiDAR and VLP-16, respectively. The former has a more widely scene but a little bit less distinct noisy points when compared with the latter. As a result, RS-LiDAR has better 4 https://ram-lab.com/research In all, RS-LiDAR is proved entirely qualified to replace VLP-16, thanks to its sufficient supplies, lower price, and similar performance.
